We have designed and tested a superconducting quantum interference device ͑SQUID͒ readout circuit, which can be operated at liquid helium temperatures. Although room-temperature SQUID electronics perform well, it is sometimes desirable to keep the wires between SQUID, readout electronics, and feedback coil as short as possible to minimize phase shifts and time delays. Cooling the readout circuit to low temperatures can also decrease its thermal noise. Our readout circuit uses conventional ac-flux modulation, which significantly reduces low frequency excess noise and drift in the preamplifier. In this case, simple complementary metal-oxide-semiconductor circuits with low power dissipation can be used as amplifier, phase-sensitive detector and integrator. The power dissipation of the complete readout is less than 15 mW at 5 V supply voltage.
I. INTRODUCTION
Direct current superconducting quantum interference devices ͑dc SQUIDs͒ are usually read out by a roomtemperature readout circuit. In most applications, one uses the SQUID in a feedback circuit as a null detector of magnetic flux. 1 Operating a SQUID in this so-called flux-locked loop linearizes the sinusoidal transfer function of the SQUID and thus increases its dynamic range to several hundreds of flux quanta. At room temperature, the noise contribution from the readout electronics to a SQUID at 4.2 K and above can be reduced to insignificant levels using low-noise fieldeffect transistors or operational amplifiers. Modulating the SQUID with an ac flux significantly reduces the drift in the readout circuit and as well as high-frequency electromagnetic interference. 2 However, as the room-temperature readout circuit is relatively far away from the SQUID ͑Ϸ1 m͒, the time delay associated with this length limits the obtainable upper frequency of the flux-locked loop to a few MHz, if the input signal to the SQUID is above 1 flux quantum.
Placing the SQUID readout close to the SQUID and operating it at the SQUID bath temperature thus can offer two advantages: a potentially lower noise temperature of the SQUID readout due to lower thermal noise and a potentially wider bandwidth due to shorter leads connecting the readout to the SQUID. 3, 4 These potential advantages are motivated by Nyquist's theorem which states that the thermal noise power decreases linearly with temperature, and Einstein's law of cause and effect. If the external flux to the SQUID changes, the readout circuit cannot compensate this flux change before the information about the flux change reaches it. As we shall see, it is relatively easy to achieve an improvement in noise when the readout is cooled to 4 K, whereas taking advantage of the shorter leads is not.
We note that shorter wires between SQUID and readout circuit also help prevent pickup of external rf interference. A disadvantage of cooling the SQUID electronics in the bath is an increase in the evaporation rate of the coolant due to dissipation from the readout circuit.
In this article, we study electronic circuits such as lownoise preamplifier, phase-sensitive detector, and integrator, which are suitable for operation at 4.2 K and below. We used only easily available electronic components. Using these circuits, we made an ac-flux modulated readout electronics, which can be operated at low temperatures ͑77 K and 4.2 K and below͒. We describe the performance of the individual circuits and show results of the noise floor and gain from the complete SQUID readout electronics, as well as noise spectra from a dc SQUID operated with this readout. The circuits described here, such as low-noise amplifiers for cryogenic operation, might also be interesting for other applications.
II. ELECTRONIC COMPONENTS SUITABLE FOR OPERATION AT 4.2 K
Operating the readout circuit at cryogenic temperatures places some constraints on the components used. For example, most silicon semiconductors fail at 4.2 K and below. Capacitors using dielectrics with a high permittivity r ͑at room temperature͒ perform poorly at 4 K as r decreases substantially with temperature in this case. We briefly discuss important properties of passive and active electronic components cooled to cryogenic temperatures. An excellent overview on operating electronic devices at low temperatures can be found in a compilation of articles edited by Kirschman.
A. Passive devices
Conventional metal-film resistors with leads show a relatively small temperature coefficient and can thus be used in a cryogenic electronic circuit. Many surface mount resistors show a pronounced increase in their resistance when cooled to 4.2 K. For example, a 47 k⍀ surface mount resistor of size 1206 made by Epcos had a resistance of about 100 k⍀ at 4.2 K. As long as the electronic circuit is only used at a fixed temperature, the temperature dependence of such resistors is of no concern, as long as the resistance can be determined. We selected resistors for the cold SQUID electronics based on their value at 4.2 K. Ceramic capacitors made from materials with high permittivity, such as X7R and Z5U, show a strong reduction in capacitance at low temperatures. Ceramic capacitors made from COG perform well, but are available only to capacitances of up to 10 nF. Small ceramic capacitors are sometimes easily damaged by thermal stress. Metallized-foil capacitors perform well; their capacitance decreases by less than 10% when cooled to 4.2 K. A disadvantage is their relatively bulky size compared to ceramic surface mount capacitors.
B. Active devices
Carrier freezeout is a major limitation for the applicability of silicon devices at cryogenic temperatures. Bipolar junctions as well as junction field-effect transistors made from silicon do not work at 4.2 K. 5 However, enhancementmode field effect transistors ͑FETs͒ perform well at 4.2 K, provided their contact region is sufficiently high doped. This is the case for metal-oxide-semiconductor FETs ͑MOSFETs͒ used in digital complementory metal-oxidesemiconductor ͑CMOS͒ circuits. FETs made from GaAs can also be used, however, they show a pronounced lowfrequency excess noise at frequencies below 10 MHz. Their power dissipation is also substantially higher than that of silicon devices. All active semiconductor devices we used in our SQUID readout are CMOS enhancement-mode FETs. Instead of employing discrete transistors, we use unbuffered digital inverters, such as the 4069UB. This CMOS component contains six inverters, each of which can be used as a single MOSFET ͓see Fig. 1͑a͔͒ . In an amplifier, the ͑in principle digital͒ inverter can be linearized by feeding part of the output voltage back to the input. 
III. ALTERNATING CURRENT-FLUX MODULATED DC SQUID READOUT CIRCUIT
A conventional ac-flux modulated dc SQUID readout circuit ͓see Fig. 1͑b͔͒ consists of: a low-noise preamplifier, phase sensitive detector, an oscillator generating the acmodulation current and the reference for the phase-sensitive detector, as well as an integrator for flux-locked loop operation. For proper impedance matching, one uses a transformer to couple the SQUID and preamplifier to match the low impedance of the SQUID ͑Ϸ20 ⍀͒ to the larger equivalent noise resistance R eq of the preamp. If junction FETs are used in a room-temperature SQUID readout circuit, R eq is on the order of a few k⍀. All the required parts of such an ac-flux modulated SQUID readout can be made using CMOS circuits, and can be operated at 4.2 K. We describe the individual circuits in some detail.
IV. A CRYOGENIC LOW-NOISE PREAMPLIFIER BASED ON CMOS INVERTERS
Unbuffered CMOS inverters, such as the HEF4069UB, contain six enhancement-mode MOSFETs, each of which can be used as a linear amplifier by feeding back part of the output signal to the input ͓see Fig. 1͑a͔͒ . The available voltage gain of such amplifiers is about 20 dB at both room temperature and 4.2 K, and 30 dB at 77 K. Both gain and maximum operating frequency depend on the supply voltage. As the power dissipation of the amplifiers increases substantially with increasing supply voltage, one would rather work with lower supply voltages and increase the overall gain by using additional amplifiers in series. Figure 2 shows typical gain versus frequency curves of a three-stage preamplifier based on a HEF 4069UB device, measured at three different temperatures and operated at a supply voltage of 5 V. The gain increases somewhat as the amplifier is cooled to 77 K, which we attribute to an increase in the mobility of the carriers in silicon at that temperature. At lower temperatures, the gain again decreased. By increasing the feedback resistor R ͓see Fig. 1͑a͔͒ , the gain can be increased, at the expense of a reduced bandwidth, and vice versa. Depending on the supply voltage, a maximum operating frequency on the order of 10 MHz can be obtained with such CMOS devices.
Like all MOSFETs, the transistors in CMOS circuits show a substantial low-frequency excess noise. When cooled to 4.2 K, the voltage noise referred to the input of a HEF 4069 amplifier at 1 kHz is about 100 nV/ ͱ Hz, a typically high noise level. Only at frequencies above several hundred kHz is the noise of the transistors below 1 nV/ ͱ Hz and thus acceptable for our purpose. If the bath temperature of the amplifier is further reduced to 2 K, the voltage noise is reduced to about 700 pV/ ͱ Hz. The reduction in voltage noise as the bath temperature is reduced from 4.2 to 2 K shows that the temperature of the amplifier is still not limited by self heating. If the noise floor were limited due to dissipation in the amplifier, its associated noise temperature would remain above the bath temperature, and one would not expect any temperature dependence of the noise. We note that in many devices, the white noise level could not be reached, even at frequencies above 1 MHz ͑see Fig. 3͒ .
We found that the equivalent input noise resistance of an amplifier based on the HEF4069 is on the order of 4 k⍀. If we assume the impedance of the SQUID to be 20 ⍀, where an impedance matching transformer with a primary to secondary turn ratio of 1:14 can be used. This transformer steps up the SQUID voltage by a factor of 14, so that the voltage noise of an HEF4069 amplifier referred to as the input of the matching transformer is about 70 pV/ ͱ Hz at a frequency of 2 MHz and 4.2 K.
The measured voltage noise is somewhat higher than what is expected from a simple estimation. The white voltage noise of MOSFETs ͑referred to its input͒ can be calculated as V n 2 =8kT /3g m ; 7 where g m is the forward transconductance of the MOSFET. At 4.2 K we measured g m Ϸ 3 mA/ V; the expected voltage noise referred to the input of the amplifier then is about 250 pV/ ͱ Hz, in contrast to the 700 pV/ ͱ Hz we measured in the best case. It is evident that 1 / f noise still dominates in our devices up to the highest frequency we measured ͑see Fig. 3͒ . There is a certain spread in the noise of different HEF4069s. Most amplifiers we measured had a voltage noise of about 1 nV/ ͱ Hz at 4.2 K with a supply voltage of 5 V. We found several HEF4069s which exhibited a voltage noise of 0.7 nV/ ͱ Hz at 4.2 K, some of which would achieve this noise only for a supply voltage of 8 V. When operated with a 1:14 matching transformer, the resulting voltage noise of 50 pV/ ͱ Hz ͑which is equivalent to a noise temperature of 4 K͒ was about a factor of 2 smaller than what can be obtained from a low-noise junction FET amplifier at room temperature at a frequency of 2 MHz.
We note that a noise temperature of 4 K can indeed be achieved with room temperature amplifiers, however, probably not for frequencies above about 1 MHz. A reason for this is the increasing current noise of FETs at higher frequencies. Also, the relatively large input capacitance of low-noise FETs ͑e.g., about 75 pF for a 2SK147͒ substantially decreases the equivalent noise resistance of the transistor at higher frequencies. Other FETs with smaller input capacitance, such as the BFR30, have higher white noise. The 
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A cryogenic dc SQUID readout circuit Rev. Sci. Instrum. 76, 074701 ͑2005͒ white voltage noise can be reduced by connecting many FETs in parallel, but this in turn increases the input capacitance as well as the current noise. Finally, we note that for the case of a cold preamplifier, not only is its voltage noise smaller than that of an amplifier at room temperature, but also noise contributions from the leads connecting the amplifier to the SQUID can be made negligible.
V. THE PHASE-SENSITIVE DETECTOR
In an ac-flux modulated SQUID readout, the phase sensitive detector is used to detect changes in the SQUID flux bias. There are several ways to make a phase sensitive detector. For example, a switch that is switched on for half of the reference cycle and switched off for the other half can be used as a simple phase-sensitive detector ͓see Fig. 4͑a͔͒ . In a prototype of our cold SQUID readout, we used a HEF 4053 for this purpose. 8 This CMOS circuit contains three analog switches, one of which is used as phase-sensitive detector and another one is used to reset the integrator.
Yet another way of making a phase-sensitive detector is to connect two MOSFETs in series to form an analog multiplier ͓see Fig. 4͑b͔͒ . The gain of this multiplier is changed periodically by the reference signal, and the output of the multiplier contains the product of input signal ͑applied to the gate of one MOSFET͒ and reference signal ͓applied to the gate of the other MOSFET, see Fig. 4͑b͔͒ . For this purpose we used a HEF 4007. Both kinds of phase-sensitive detectors can be used in a cold SQUID readout. The analog-switch version has the advantage of simplicity on the expense of low gain ͑G Ͻ 0.5͒, whereas the analog-multiplier version offers some gain ͑in our case G Ϸ 2.5 at 4.2 K͒, but requires more components and might produce 1 / f noise.
VI. THE INTEGRATOR
The integrator in a SQUID readout is used to store the momentary value of the magnetic flux in the SQUID. As long as the flux in the SQUID does not change, the output voltage of the phase-sensitive detector is zero, and the charge on the integrator capacitor and the output voltage of the integrator is constant. As the flux in the SQUID changes, the output voltage of the phase-sensitive detector becomes a finite positive or negative voltage ͑depending on the sign of the flux change͒. The voltage at the output of the integrator is subsequently ramped up or down, changing the current to the feedback coil until the flux through the SQUID is reduced to zero.
In a room-temperature SQUID readout, the integrator is in almost all cases an operational amplifier made from integrated circuits which do not function at 4.2 K. Instead one has to use individual transistors to make an integrator. A simple integrator can be made from a HEF4069UB inverter by feeding part of the output back to the input via a capacitor ͓see Fig. 4͑c͔͒ . In order to provide the proper bias voltage to the input one must, in addition to the integrator capacitor, add a resistive voltage divider which supplies half the supply voltage to the input of the integrator.
In contrast to an ideal operational amplifier the openloop gain of an inverter is relatively small. For very low frequencies, the gain of this circuit is not infinite and also not frequency dependent, and the phase shift is not 90°.
VII. A PROTOTYPE OF A SQUID READOUT CIRCUIT THAT CAN BE OPERATED AT 4.2 K
Using the circuits discussed above, we made and tested a prototype of a cold SQUID readout circuit. Its circuit diagram is shown in Fig. 5 . All the circuits necessary to make a SQUID readout are operated at 4.2 K, except for the reference oscillator generating the ac-flux modulation current and the reference for the phase-sensitive detector. This circuit can of course also be operated at 4.2 K, however, for ease of adjustment we operated this circuit at room temperature.
In order not to be limited by 1 / f noise of the inverters used as a preamplifier, we flux modulated the SQUID at 800 kHz. At this frequency, the noise voltage of the preamplifier, referred to its input, was about 0.7 nV/ ͱ Hz. An input matching transformer with a turn ratio of 1:14 was used to connect the SQUID to the preamplifier. Thus, the voltage noise of the preamplifier that referred to the primary winding of the matching transformer was about 50 pV/ ͱ Hz. A SQUID with an impedance of 20 ⍀ produces a voltage noise of about 130 pV/ ͱ Hz when operated at 4.2 K; the voltage noise of the preamplifier is thus negligible.
In order to achieve sufficient gain and bandwidth, we used six inverters configured as amplifiers in series. The gain of each amplifier stage is about 3 ͑except for the first stage, which has a gain of about 6͒. Including the matching transformer, the overall voltage gain is then about 20 000 ͑86 dB͒. FIG. 5 . Circuit diagram of a prototype of a cold SQUID readout circuit ͑less 800 kHz reference oscillator, which is at room temperature͒.
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For simplicity, we used a CMOS 4053 analog switch as a phase-sensitive detector. This detector has a voltage gain of 0.5 and thus reduces the overall gain before the integrator to about 80 dB. The integrator time constant was chosen to be 0.3 ms. In order to reset the flux-locked loop, the integrator capacitor can be discharged by closing an analog switch contained in the same integrated circuit as the switch used for the phase-sensitive detector. The integrator produces a 1 / f noise at its output of about 1 V/ ͱ Hz at low frequencies ͑10 Hz͒.
VIII. RESULTS
We used a thin-film niobium SQUID with an inductance of 90 pH and a critical current of 12 A to test the readout. The SQUID was tested with a room-temperature SQUID readout and exhibited a flux noise in flux-locked loop of about 3 ⌽ 0 / ͱ Hz. The SQUID was glued to the printed circuit board on which the readout was assembled. A ten-turn wire-wound feedback coil was glued beneath the SQUID. The SQUID transfer function V ⌽ Ϸ 50 V/⌽ 0 . Figure 6 shows the flux noise of the SQUID measured in flux-locked loop mode. We measured a white noise of about 3 ⌽ 0 / ͱ Hz, similar to what was achieved with the roomtemperature readout. Below 20 Hz, a pronounced 1 / f noise is visible, which was not observed when the SQUID was operated with the room-temperature readout. We attribute this noise to 1 / f noise produced by the integrator. In order to overcome this noise, a higher amplification factor of the preamplifier or a higher gain of the phase-sensitive detector would have been necessary.
The bandwidth of the readout is about 1 kHz, which is in good agreement with a theoretical calculation. The bandwidth in flux-locked loop mode is the frequency range over which the open loop gain G o Ͼ 1. 9 The open loop gain
where V ⌽ is the flux-to-voltage transfer function, G a is the gain of the coupling transformer, amplifiers, and lock-in detector, G i ͑͒ is the gain of the integrator, and R f is the feedback resistor connecting the output of the integrator to the feedback coil, which has a mutual inductance M f to the SQUID. For our case the open loop gain is about 0.3 G i ͑͒. With an integrator time constant of 0.3 ms, the bandwidth of the flux-locked loop is 1 kHz, which is in good agreement with the measurements. A much higher bandwidth can of course be obtained by increasing the open loop gain, e.g., by using more amplifier stages, or by coupling the feedback coil closer to the SQUID ͑M f was 50 pH in our case͒.
To conclude, we have designed and successfully tested a dc SQUID readout circuit suitable for operation at liquid helium or liquid nitrogen temperatures. Potential advantages of a readout circuit operated at cryogenic temperatures and situated close to the SQUID are a lower noise temperature of the SQUID readout due to the lower thermal noise of the readout circuit, and a wider bandwidth due to shorter wires connecting the readout to the SQUID. We could demonstrate a lower noise temperature of the readout compared to roomtemperature amplifiers. The advantage of shorter wires between SQUID and readout circuit could not be utilized, however, due to the relatively low upper frequency of the CMOS devices used in our circuit. In order to increase the largesignal bandwidth to above what is possible with a roomtemperature SQUID readout, a preamplifier bandwidth on the order of 30 MHz would be required, which is difficult to achieve with the silicon CMOS circuits used in our readout.
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